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The U.S. Army Corps of Engineers recently completed a seismic stability assessment of the
3YNOPSIS:
Ririe Darn is an earth- and rock~irie Darn and Reservoir Project located near Idaho Falls, Idaho.
fill darn with a central impervious core constructed between 1966 and 1975 in a narrow canyon of Willow
A geologic and seisrnologic study indicated that the controlling maximum credible earthquake
~reek.
(MCE} is a Magnitude 7.5 earthquake at a distance of 8 km from the darn. The seismic stability analysis
included a dynamic response analysis of the darn using two-dimensional finite element proce-dures.
Empirical relations derived from the observed response and analyses of other darns in narrow canyons
were used to develop adjustment factors to correct natural frequencies, dynamic shear stresses, and
peak accelerations for three-dimensional (3-D} effects.
The october 28, 1983 Mt. Borah Earthquake triggered five strong-motion instruments installed at
the crest, left abutment, downstream toe, and outlet tower of Ririe Darn. The epicentral distance to
the darn was 179 krn. The peak horizontal accelerations recorded at the crest and at the abutment were
0.05 g and 0.02 g, respectively. The accelerograrn recorded by the instrument station at the abutment
was used to calculate the dynamic response of the darn during the earthquake. From this analysis, the
finite element model and the soil parameters were calibrated to best represent the 3-D dynamic response
of the darn. After consideration of 3-D effects, the calculated response of the darn using soil properties derived from in-situ and laboratory measurements was in good agreement with the measured response
These results indicate that when properly applied, currently
during the 1983 Mt. Borah earthquake.
available methods to determine soil properties for the dynamic response analysis of embankment darns
including in-situ measurements, can provide properties in good agreement with those back-calculated
from the observed response of darns.
INTRODUCTION

DESCRIPTION OF RIRIE DAM

The u.s. Army Corps of Engineers (USACE}
recently completed a seismic stability evaluation of the Ririe Darn and Reservoir Project
located near Idaho Falls, Idaho, as part of the
USACE darn safety assurance program. The study
was a joint effort between the Walla Walla
District and the Waterways Experiment Station
(WES} and employed engineering consultants and
geophysical firms to assist in various aspects
The seismic stability evaluation
of the work.
of the darn included a dynamic response analysis
of the embankment using two-dimensional (2-D)
finite element procedures.

Ririe Darn is located in southeastern Idaho,
about 25 krn northeast of the City of Idaho
Falls on Willow Creek, a tributary of the Snake
The darn was designed and constructed by
River.
Construction was
USACE, Walla Walla District.
initiated in July 1967; the main embankment was
essentially complete in November 1975. Ownership and responsibilities of operation of the
darn were transferred to the u.s. Department of
the Interior, Bureau of Reclamation in October
1976.
Ririe Darn is a zoned earth- and rock-fill darn
with a narrow impervious compacted silt core
and successive filter zones upstream and downstream of the core. A plan and generalized
cross section of the darn are shown in Figs. 1
and 2, respectively. The darn has a maximum
about 56 rn
structural height of about 76 rn,
above the valley floor, and an arched-crest
The crest-length-to-height
length of 256 rn.
ratio of the darn is about 3.4.

The October 1983 Mt. Borah, Idaho, earthquake
triggered strong motion instruments installed
at the darn during construction. The recorded
motions from this earthquake were used to calibrate the 2-D finite element model and the soil
parameters to best represent the threedimensional (3-D) response of the darn.
This paper describes the dynamic response analysis of the darn for the 1983 Mt. Borah earthThe calculated response of the darn
quake.
(including 3-D effects) using soil properties
derived from in-situ and laboratory measurements, is shown to be in good agreement with
the measured response during the earthquake.

The geology of the region around Ririe Darn is
dominated by volcanic activity from the
Cenozoic Era (65 million years to present}.
The rock abutments and foundation at the darn
are composed of a complex series of flow units
such as basalt and rhyolite. Typically, the
stratigraphic rock units are separated by soillike breccia zones. A thick deposit (on the
order of 100 rn} of tuffaceous sediments underlies the region. At the darn site, these
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. . STRONG MOTION INSTRUMENTS (accelerogra phsl

Fig. 1

Fig. 2

Plan view of Ririe Dam

Cross-sectio nal profile of Ririe Dam

sediments are first encountered at a depth of
20 to 35 m below the valley floor.
Seismic
geophysical measurements indicate that the
upper 35 to 45 m of the tuffaceous sediments
are relatively soft. Below, these sediments
are stiffer.

about 27 m.
The gravels are typically poorly
graded with a maximum particle size of about 15
em and less than 10 percent fines (passing the
# 200 sieve).
A thin layer of alluvial silt
overlies the gravel.
The embankment is founded directly on alluvium
or basalt. The core extends to basalt to provide a positive cutoff to seepage through the
alluvium.

Alluvial gravels in the valley underlie the
embankment upstream and downstream of the core,
beneath the rock and random fill zones (see
Fig. 2). The alluvial gravels are of late
Pleistocene Age (between 11,000 and 25,000
years old) and have a maximum thickness of
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rhe crest elevation is 1,563 m (NGVD). The
design maximum pool elevation is 1560 m yielding a freeboard of 3 m. The pool level for
seismic stability analysis was selected to be
at 1,559 m. This level was chosen as the
upper-bound of pool levels recorded to date
Recorded
since initial reservoir filling.
tailwater levels (at around 1,509 m) and data
from piezometers within the embankment were
used to estimate the phreatic surface through
the embankment at the analysis pool elevation
of 1559 m.
SEISMIC EVALUATION EARTHQUAKE
A site-specific geologic and seismologic study
was conducted by Krinitzsky and Dunbar (1987)
to estimate the parameters of the maximum credible event (MCE) required for the seismic stability evaluation. One fault at a distance of
3 km from Ririe Dam was interpreted to be capable of producing an earthquake of surface wave
magnitude, M, = 7.0. The entire near-field
region, specifically the Grand Valley Graben,
was interpreted as active and capable of
producing earthquakes with magnitude M, = 7.5.
The nearest segment of the graben is about 8 km
from the site.

at the University of California at Berkeley as
reported by Sykora et al. (1990) and Sykora,
This approach
Koester, and Hynes (1990).
requires computation of the dynamic stresses
induced in the dam and the foundation by the
selected design earthquake.
Ririe Dam is a 3-D structure located in a
relatively narrow canyon with a curved stream
Thus, 3-D behavior is expected to play a
axis.
significant role in the dynamic response of the
dam. However, in view of the high cost associated with a full 3-D dynamic response analysis, two-dimensional (2-D) analyses of representative sections of the dam with appropriate
corrections for 3-D effects were used to calculate the dynamic stresses induced in the dam by
the design earthquake. Empirical relations
derived from the observed response and analyses
of dams in narrow canyons were used to develop
adjustment factors to correct natural frequencies, dynamic shear stresses, and peak accelerations for 3-D effects.
DYNAMIC RESPONSE ANALYSIS APPROACH
The dynamic response analysis was performed
using the computer program SUPERFLUSH (Udaka et
al. 1983) which is a modified version of the
program FLUSH (Lysmer et al. 1975). SUPERFLUSH
is a two-dimensional finite element program for
the dynamic response analysis of earth structures and dynamic soil-structure interaction.
The program uses the method of complex response
to solve the equations of motion in the freSUPERFLUSH allows for a comquency domain.
pliant, energy-absorbing boundary at the base
of the model.

The MCE is described as a near-field event
having a site intensity of MM X, and producing
a peak acceleration of 1,200 cmjsec' (1.22 g),
a peak velocity of 120 cmjsec, and a duration
of strong motion (peak accelerations greater
than 0.05 g) of 33 sec at the site. The hypothetical earthquake motions representing the
MCE were synthesized by Prof. H. B. Seed (1987)
by scaling the S 19° E component of the Pacoima
Dam, California, record during the 1971 San
Fernando Earthquake and a portion of the
N 21° E component of the Taft record from the
1952 Kern County earthquake. The hypothetical
record is shown in Fig. 3.

Two representative sections of the dam were
selected for the seismic stability study: one
corresponding to the maximum height of the dam
and the other corresponding to a "quarter"
section at the midpoint between the maximum
section and the left abutment. The results
obtained for the maximum section are presented
herein. Since the predominant mode of vibration of the dam is expected to follow the
general direction of the stream axis, the 2-D
cross section shown in Fig. 1 was used. This

GENERAL APPROACH TO SEISMIC
STABILITY EVALUATION
The seismic stability of Ririe Dam was evaluated using the performance-based approach proposed by Prof. H.B. Seed and his colleauges

2.00
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Fig. 3

Hypothetical Maximum Credible Earthquake Acceleration Record (Seed 1987)
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section was idealized for analysis based on the
expected similarities in dynamic properties
between adjacent zones of the embankment and
foundation and on the negligible effect of thin
zones on the overall dynamic response of the
dam.
The finite element model for dynamic
response analysis of the main section had a
total of 782 elements and 781 nodes as shown in
Fig. 4.

about 179 km from Ririe Dam {Chang 1985). The
ground motions were recorded by accelerographs
at each of five strong motion instrument stations at Ririe Dam. The locations of these
stations are shown in Fig. 1.
The motions recorded by the downstream, abutment, and crest instruments in the direction of
the transverse axis of the dam are of special
interest in the evaluation of the dynamic
response of the embankment because this direction coincides with the approximate direction
of motion at the crest in the fundamental mode
of vibration of the dam.
This component of the
crest motions shows a larger amplification of
the rock motions recorded at the abutment and
downstream accelerographs than the other
components.

The nonlinear dynamic behavior of the embankment and foundation materials was modeled using
the equivalent-linear method proposed by Seed
and Idriss (1970). The parameters required to
adequately describe the dynamic stress-strain
behavior of the materials using this method
are: mass density, p , shear modulus, damping
ratio, f3, and Poisson's ratio, v. The variation
of shear modulus with confining pressure was
assumed to be given by the following relation
(Seed and Idriss, 1970):
G=6920K,

a.•

where:

(a.')' 12

TABLE 1. Summary of Dynamic Material Properties

(1)
Material

mean effective stress (Pa)
shear modulus (Pa)
shear modulus coefficient

G

K,

The mean effective stress was obtained from the
results of a static stress analysis of the dam
(Woodward-Clyde Consultants 1988). This analysis was performed using the 2-D finite element
code FEADAM84 (Duncan et al. 1984).
Values of p were determined from record sampling during construction and recent field
investigations. Values of K, at low shear
strain (< 10-• percent), (K,)
and of v were
estimated on the basis of measured values of
compression and shear wave velocities. A
summary of dynamic material properties is
presented in Table 1.

v

2.00

45

s

s

0.48

Gravel fillSaturated
2.32
Unsaturated 2.16

120
120

G
G

s
s

0.40
0.35

Rock fillSaturated
2.32
Unsaturated 2.16

100
100

G
G

s
s

0.40
0.35

Random fillSaturated
2.24
Unsaturated 2.08

85
85

G
G

s
s

0.45
0.35

core

The shear modulus coefficient is a factor which
depends mainly on shear strain, relative density, particle size, and gradation. Modulus
reduction and damping relationships from the
literature (Seed et al. 1984; Seed and Idriss,
1970; and Schnabel, 1973) were used to model
the variation of shear modulus, or K, , and
damping with shear strain.

N>

P
Modulus
(gjcc) (K,)_, Reduction"' Damping'"

AlluviumSilt
Gravel

1.92
2.31

50
140

s
s

s
s

0.45
0.40

Tuffaceous
Sediments

2.48

(2)

R

R

0.45

Basalt

2.72

( 3)

R

R

0.40

,

(1) S
Sands (Seed and Idriss, 1970)
G
Gravels (Seed et al. 1984)
R
Rock (Schnabel 1973)
(2) Shear wave velocity, V,
488 mjs
( 3) Shear wave velocity, V, = 915 mjs

DYNAMIC RESPONSE ANALYSIS FOR THE
1983 MT. BORAH EARTHQUAKE
On 28 October 1983, an earthquake, of Richter
Magnitude, M, = 6.9 occurred in central Idaho
near Mt. Borah.
The earthquake epicenter was
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Energytransmitting
boundary

v

'he motions recorded at the abutment were
elected as representative of the rock free·ield motions at the dam site during the
-arthquake. The acceleration recorded at the
eft abutment in the direction of the transerse axis of the dam is shown in Fig. 5. The
.cceleration response spectrum for the transerse component is shown in Fig. 6. The peak
1orizontal acceleration recorded was 0.017 g
ith a predominant period of about 0.4 sec.
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Abutment acceleration record from
Mt. Borah earthquake
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Fig. 7
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A comparison between fundamental frequencies of
vibration computed from 2-D and 3-D analyses of
dams in triangular and rectangular canyons is
shown in Fig. 8. On the bases of these and
other similar data, it is estimated that the
fundamental frequency of vibration of Ririe Dam
(L/H = 3.4) is likely to be between 1.15 and
1.3 times higher than the frequency of a 2-D
model representative of the main section of the
dam. Considering that the observed fundamental
frequency of vibration of the dam during the
1983 Mt. Borah earthquake is about 1.76 Hz, it
may be concluded that a 2-D model representative of the dynamic characteristics of the dam
should have a natural frequency of vibration
between about 1.35 and 1.55 Hz (natural periods
between about 0.65 and 0.75 sec).

Period, Seconds

Fig. 6

Amplification ratio between crest and
abutment motions from Mt. Borah
earthquake

Since the dam has a crest-length-tostructural-height ratio, L/H, of about 3.4, the
response at the crest of the dam is likely to
be influenced by 3-D effects. Therefore, it is
desirable to assess the magnitude of 3-D
effects on the ground motions recorded at the
crest to allow a meaningful comparison with the
computed response from a 2-D dynamic analysis.
Previous studies by Mejia and Seed (1983) have
shown that the natural frequencies of vibration
of dams in narrow canyons are generally higher
than the corresponding frequencies of 2-D
structures of identical cross-section. For
most rock motions, the higher natural frequencies of vibration of a 3-D structure result
in peak accelerations at the crest which are
higher than the crest accelerations of a 2-D
structure.

0.04
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~
Q)
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Ji

10

0.1
Frequency, Hz

0.05

0>

2

"§

32

Abutment acceleration response spectra
from Mt. Borah earthquake

The motions recorded at the crest in the direction of the transverse axis of the dam had a
peak horizontal acceleration of 0.041 g and a
predominant period between 0.4 and 0.5 sec.
The amplification ratio between the Fourier
amplitude spectra of the crest and of the
abutment motions is shown in Fig. 7. The
amplification ratio has a large peak at a
frequency of 1.76 Hz (period of 0.57 sec)
corresponding to the fundamental mode of
Other peaks in the
vibration of the dam.
amplification ratio, corresponding to higher
modes of vibration of the structure, occur at
frequencies of about 4, 6, 8, and 13 Hz.

The dynamic response of the dam to the 1983 Mt.
Borah earthquake was computed using SUPERFLUSH
and the maximum-height section (see Figs. 2
and 4) together with the material properties
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presented in Table 1. The abutment record
shown in Fig. 5 was used as the input motion.

o.os.-----~--~-~--~--~-~--~--

Recorded Time History

0.04

The record was input as an outcrop motion on
the lower (stiffer) tuffaceous sediments with a
shear wave velocity of about 915 mjs. A maximum frequency of 12 Hz was used in the
analysis.

0.03
0.02

0>

-~ 0.01

-m0; 0.00

The computed and measured acceleration time
histories at the crest of the dam are shown in
Fig. 9.
It may be seen that the frequency
content and amplitude of the computed and
recorded time histories are similar, and that,
in general, there is good agreement between the
computed and measured response at the crest.
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Fig. 9

Computed and measured acceleration
records at crest for Mt. Borah
earthquake

7

Fig. 8

Comparison between fundamental
frequency from 2-D and 3-D analyses
(Mejia and Seed 1983)

0.150

A comparison between the computed and the
recorded acceleration response spectra at the
crest of the dam is shown in Fig. 10.
For
periods greater than about 0.6 sec there is
good agreement between the spectra.
For lower
periods, the computed spectrum is lower than
that measured at the crest.
However, the
difference is consistent with the fact that the
2-D model of the structure has a higher predominant period of vibration than the prototype, and therefore, will exhibit a lower
response in the low period range and a lower
amplification in peak acceleration.

Recorded Motion
----- Computed Motion

5% Damping

0.125

'•

,'

"•
'"•
"•

·:

0.100
,',

0.075

0.050

A comparison between the computed and the
measured Fourier amplification ratios at the
crest of the dam is shown in Fig. 11.
In
general, there is good agreement in the shape
of the computed and recorded amplification
ratios.
As shown by the computed ratio, the
fundamental frequency of vibration of the 2-D
model of the dam is about 1.55 Hz (period of
0.65 sec). This value is in very good agreement with the range of frequencies estimated
for the 2-D model of the dam based on the
measured response of the dam and the estimated
effects of 3-D behavior.

0.025

Period, Seconds

Fig. 10
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Comparison between response spectra
at crest for Mt. Borah earthquake

6

was the contract monitor.
Permission was
granted by the Chief of Engineers to publish
this information.

Recorded Motion
Computed Motion

5
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overall project manager, USACE, Walla Walla
District and the u.s. Department of Interior,
Bureau of Reclamation, for their assistance and
consent .
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